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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCHE MEMORANDUM

INVESTIGATION OF ALTTTUDE IGNITION, ACCELERATION,
AND STEADY-STATE OPERATION WITH SINGLE

COMBUSTOR OF J47 TURBOJET ENGINE

By Williesm P. Cook and Helmat F. Butze

SUMMARY

in investigation was conducted with & single combustor from a J47
turbojet engine using weathered aviation gasoline and several spark-plug
modifications to determine altlitude ignition, acceleration, and steady~-
state operating cheracberistics.

Satisfactory ignitlon was obtained with two modificabtlons of the
original opposite-polarity spark plug up to and including an altitude
of 40,000 feet at conditions simlating equilibrium windmilliing of the
engine at a flight speed of 400 miles per hour. At a simmlated altitude
of 30,000 feet, satisfactory ignitlon was obtained over a range of simu-
lated engine speeds. No significant effect of fuel temperature on igni-
tiog limits was observed aver a range of fuel temperatures from.BOO to
=52~ F.

At an altitude of 30,000 feet, the excess temperature rise avail-
able for. acceleration at low englne speeds was limited by the ability
of the combustor to produce temperature rise, whereas at high engine
speeds the maximum allowable turbine-inlet temperature became the re-
gtricting factor. .

Altitude operational limits increased from about 51,500 feet at
55 percent of rated engine speed to about 64,500 feet at 85 percent of
rated speed. Combustion efficlencies varied from 39.0 to 92.6 percent
over the range investigated and decreased with a decrease in engine
gspeed and with an increase in altitude; higher efficiencies would have
been obtained 1f lower altitudes had been investigated. Comparisons
were made of the combustion efficiencies of weathered aviatlion gasoline
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and MIL-F-5616 fuel at altitudes of 30,000 and 40,0C0 feet. Combustion
efficlencies obtained with MIL-F-5616 fuel were 8 percent higher at
rated engine speed and 14 perceunt lower at 55 percent of rated speed
than those obtained with weathered aviatlion gascline,

INTRODUCTION

LT0Z

Experlence hag shown that the performance of a turbolet combustor
is dependent on flight conditlions and that poor performance 1s gener-
ally encountered at high altibtudes and at low engine epeeds. Con-
sequently, a general program to determine -the performance characteris-
tice of turbojet combustors under verious flight conditions is being
conducted at the NACA Lewls laboratory with a view to establishing
opbimum deslgn criterions. Steady-state characteristics, such as al- -
titude operational limits, combustion efficiency, .and pressure drop,
of single combustors both of the anmmlar and of the can type have
been investigated for different designs and for a number of different
fuels (for example, references 1 to 4). Altitude ignition and acceler-
ation are, of course, of great lmportance for multiengine planes having
one or more englines temporarily inoperatlive or for single-engine fight-~
ers Incurring blow-out at high altitudes. A study of the ignition
characteristics of several fuels in a single can-type combustor is
presented in reference § and & wind-tunnel investigation of altitude
gtarting and acceleratlon characteristlics of the J47 englne is reported
in reference 6.

In addlitlon to such factors as inertls of the rotating parts and
decreased alr mass flow at altitude, an Important factor affecting
acceleration of a turbojet plane ls the temperature rise produced by
the ocombustor in excess of that required to maintalin the engine at
steady-state operation for a given flight condition. This excess
temperature rise avallable for acceleration 1s normally limited for
two reasons: (1) Flame blow-cut may occur as the result of over-rich
fuel-air ratios; or (2) allowable turbine~-inlet temperatures may be
exceeded. :

The investigation reported herein wes conducted to determine the
altitude lignition and acceleration characteristice of a single J47 com~
bustor. Additional data were obtalned to evaluate the altitude oper-
ational limits, combustion efficlency, and total-pressure losses of
the combustor. Ignition limits were determined at an altitude of 30,000
feet and at engine rotational speeds below and above equilibrium wind-
milling speeds for simlated flight speeds of 400 and 354 miles per hour,
respectively. Additlonal ignition-limit tests were made over a range of
altitudes for a slmlated flight speed of 400 miles per hour and an en-
gine speed eguivalent to equilibrium windmilliing speed. Acceleration -
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characteristics were determined at a 30,000-foot simulated altitude over
a wide range of engine rotational speeds (12.7- to 88.6-percent rated
engine speed) at a simleted flight speed of 400 miles per hour at and
below equilibrium windmilling speed and 354 miles per hour above equi-
librium windmilling speed. All tests, including those for altitude
operational limit and combustion efficiency were made with weathered
aviation gasoline that corresponded to MIL-F-S572, grade 115/145 fuel,
from which 15 percent of the more volatile comstituents hz=d been re-
moved to simlate altitude vaporization losses. Limited tests for
comparisons were made with MIL-F-5616, a kerosene-type fuel that is the
design fuel for the J47 combustor. B o

APPARATUS

The installation of the J47 combustor photographically shown in
figure 1 followed typical NACA procedure (reference 1). A dlagrammstic
sketch of the complete experimental sgebtup showing the location of con-
trol equipment as well &s the locatlion of instrumentation planes 1s
presented in figure 2. Instead of an electric preheater, a gasoline-
fired preheater (reference 4) was used. A detalled cross-sectional
sketch of the combustor (including inlet and ocutlet diffusers having
the same contour and dimensions as the correspondiing engine parts) is
shown in figure 3. Fuel was supplied to the combustor by means of a
duplex~type spray nozzle; the rate of fuel flow was controlled by a
menual valve looated downstream of a calibrated rotameter and & high-
pressure pump and separated. from the nozzle by approximately 10 feet
of 3/8-inch ocubside-diameter tubing. Ignition was effected by means
of one of three different types of spark plug, & descripbion of which
follows.

Plug A. - Two single electrodes of opposite polarity entered from
diametrically opposed holes in the combustion chamber and formed a

1/4-1nch spark gap at the center line of the combustor, 3-32-'- inches from

the domed inlet end (fig. 3). This plug, made at the Lewis laboratory
according to the mamfacturer's recommendation, utilized most of the
machined bodies of production plugs and had special porcelain insula-
tors and center electrodes of 1/8-inch inside-diameter alloy tubing
through which was passed ¢ooling alr from the combustor-inlet diffuser.
Plug A wes used for most of the ignition tests and all other tests
reported herein.

Plug B. - This plug was an experimental, opposite-polarity spark
plug supplied by the mamnfacturer. The electrodes, instead of enter-
ing from opposite sidem of the combustor, were about :_LlO° apart and
formed & 1/4-inch gap at the same position as plug A. The cooling air
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for this plug entered through a 1/2 -inch hole in the skirt of the plug;
the hole was located between the combustor housing and the liner and
faced upstream. The alr entering the plug through this 1/2-inch hole
then divided, = portion blanketing the exposed porcelasin and the re-
mainder passlng down the hollow center of the electrode tubing
(0.146~in. 0.D.) and thence into the combustion chamber.

Plug C. - This plug was the geme as spark plug B except that the
1/2-1nch alr holes in the skirt of the plug were reduced to a 1/4-inch
dlametexr.

. A sbandeard lgnition coil supplied by the manufacturer was used
in conjunction with all three spark plugs.

INSTRUMENTATION

Alr flow and fuel flow to the combustor were metered by a standerd
AS.M.E. thin-plate orifice and by callbrated rotemeters, respectively.
Temperstures and pressures of the inlet alr were measured by two single-
Junction ilron-constanten thermocouples and by three, three-point total-
pressure rakes and one statlc-pressure tap, respectively, located at
plane A-A (fig. 2) and arranged as shown in figure 4. :

Temperatures of the combustor-exit gases were measured by seven
banks of five-jJunction chromel-alumel thermocouple rakes located at
plane B-B (fig. 2), corresponding approximately to the position of the
turbine blades in the complete engline. Combustor-exit gas total pres-
sures were measured at plane C-C (fig. 2) by seven banks of five-point
pressure rakes; & wall gtatlc-pressure measurement was made at the same
plane. All total-pressure and temperature probes (fig. 4) were located
at the centers of equal areas, resulting in one pressure end one tem-
perature reading for each 0.916 square inch of cross-sectional area.
Fuel temperstures were measured by & single-junction iron-constamban
thermocouple in the fuel line immedlately ahead of the combustor.

PROCEDURE

In order to investigate altitude ignition and soceleration, 1t
is neceseary to determine the engine operatling conditlions that would
be encountered at the sudden opening of inlet-alr gates to a parasitic-
type engine at a given altitude and flight epeed. Transient iniet-
air conditlions below equilibrivm windmilling speed were celculated for
an altitude of 30,000 feet and a flight speed of 400 miles per hour
(ueing & derivation included in the appendix) end are given in

2017
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figure 5(a). Combustor operating conditions at equilibrium windmill-
ing (2100 rpm or 26.6 percent of rated speed) and for rotational speeds
between windmilling and rated speed (7900 rpm) were determined from
previous NACA investigetlons (reference 7) and are shown in figure 5(b).

For the ignition tests, inlet-air conditions were adjusted to
similate a given flight condition, the spark plug was energized, and
the fuel flow turned on. Only ignltion occurring within 45 seconds
after the opening of the fuel velve, a8 indicated by a sudden rise in
the cambustor-outlet tempersture, was consldered setisfactory. Varilous
fuel-flow rates were Iinvestlgabted. Data were taken at variocus aliltudes
at equllibrium windmilling conditions with fuel temperatures varying
between 70° and 80° P, (nmormal test-cell conditioms) and with the fuel
maintained at the temperature of the amblent sir st the simulated al=~
titude. Additional ignitlon date were btaken at an eltitude of 30,000
feet for engline rotationasl speeds sbove and below equllibrium wind-
milling speed and with a fuel temperature of 70° to 80° F.

Acceleratlon tests were conducted by two methods, & slow-throttle
and a rapld-throttle advance. For the slow-throttle advance, inlet-
air conditions and fuel-flow rate were adjusted to simlate a given
altitude and rotatlional speed, Then, with inlet-air comditions held
consbtant, the fuel flow was slowly increased until blow-out or exces-
sive temperatures (gbove 1700° F, comsidered by the manufacturer to
be the limiting turbine-inlet temperature) were encountered. The dif-
ference between the lnitial combustor-outlet tempersture, required %o
maintain steady-state engine operation, and the final ocutlet tempera-
ture was taken as & measutre of the ability of the combustor to produce
acceleration. TFor tests at or below equilibrium windmilling speeds,
the entire btemperature rise across the combustor may be considered to
be avalleble for producing acceleratlion. For the rapld-throttle-
advence tests, the inlet-air conditlons and fuel-flow rabtes were sd-
Justed as before; the fuel flow was then increased in 3 seconds to &
yalue reglstered on the rotameter equel to three-fourths of the meximum
fuel-flow rate obtained with slow-throttle advance. If flame blow-
out did not occur, the procedure was repeated to successively higher
fuel~flow rates. Cambustor-outlet temperatures attained after sta-
bilizatlon of combustion were used in the rapld-throttle tests be-
cause of the difficulty in determining with thermocouples the instan-
taneous average temperature at the end of the 3-second throttle advance.

Altitude operastional limits and combustion efficienclies at various
similated-flight conditions were determined. Inlet-air temperature,
pressure, and mass flow were set for the particular fllght conditlon
investigated and the fuel flow adjusted to give the required combustor
temperature rise. Conditlions et whioh the required temperature rise
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could not be atteined were considered to be in the inoperable range
of the engine. All data were taken with the spark plug de-energlzed.

In order to simlate more closely operation at sltitude, a limited
nmumber of tests was repeated with the fuel at altitude amblent-alir
temperature rather than at room temperature. The test fuel used dur-~
ing the grestest part of the lnvestigation was westhered aviation gaso-
line, corresponding to MIL-F-5572, grade 115/145 fuel, from which
15 percent of the more volatile constlbuenis had been removed to simu-
late altitude vaporization logses. Comparlson tests were made with
MIL-F-5616 fuel, the design fuel for the J47 combuastor. Physical date
for the two fuels are presented in table I.

Combustor inlet-air and outlet-~-gas total pressure were also re-
corded for the determinstion of the pressure drop through the combustor.

Calculations

Combustion efficlency, as used herein, l1s arbitrarily defined as
the ratio of the Increase in enthalpy of the air and combustion products
to the heat available in the fuel, and was calculated as described in
reference 8. Thermocouple iIndications were taken ag true valuesg of
total temperature with no correction for radlation or stagnation ef-
fects. In order to record combustor pressure losses on & dimensioniess
bagls, the ratio of the pressure loss to a reference dynasmic pressure
was used. The reference dynemic pressure was computed for each ex-
perimental condlition from the air flow through the combustor, the den-
sity at the combustor inlet, and the maxﬁmum crosgs-gectional area of
the combustor housing.

RESULTS AND DISCUSSION
Ignition

The resulis of the lgnition tests are shown in figure 6 for the
J47 combustor operating with weathered sviation gasoline (fuel tem-
perature 70° to 80° F) and with spark plug A. With inlet-air conditions
to the combustor simlating a flight speed of 400 mlles per hour and
the engine windmilling at 26.6 percent of rated speed (the equilibrium
windmilling speed for this flight speed), ignitlon was obtained up to
end including an altitude of 40,000 feet. The time required for ignl-
tion to occur increased from 3 seconds at 25,000 feet to 15 seconds at
35,000 feet and to 45 seconds at 40,000 feet. No ignition was obtained
at 45,000 feet with any fuel flow applled. The range of fuel flows
over which ignition occurred decreased signiflcantly as the altitude

L10¢,
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increased. At 30,000 feet,a variation of ebout 410 percent from a
starting fuel-air ratio of approximately 0,015 was possible; whereas
at 40,000 feet,the allowable variation from this fuel-air ratio was -
less than 2 percent.

At & simulated eltitude of 30,000 feet and a flight speed of
400 miles per hour, sastisfactory lgnition was obtained wlth spark plug A
at windmilling conditions renging from 12.7 to 26.6 peroent of rated
englne speed. At this same altitude and a flighbt speed of 354 miles
per hour, ignition was satisfactory at steady-state conditions ranging
from 26.6 to 88,6 percent of rated aspeed. No @ifference In results was
obtained with the fuel at room tempersture and with the fuel cooled to
altitude amblent-alr 'temperature.

With spark plug B, ignition was obtained only up to and including
30,000 feet for conditions simlating equilibrium windmilling at a
flight speed of 400 miles per hour. With spark plug C, the resulis
were the same ag with plug A; thus the reduced flow of cooling ailr %o
the electrodes served to Improve the lgnition performsnce of plug C
over that of plug B. .

Acceleration

The combustor temperabure rise obtalned with a slow-throttle ad-
vance lg shown 1n figure 7 as a function of fuel-alr ratlo for various
windmilling and steady-state operating conditions at an altitude of
30,000 feet. For the range of speeds lnvestigated, from 15.2 to 63.3
vercent of rated engine speed, the maximum obtalnable temperature rise
is limited by blow-out.

In order to show more clearly the effect of increasing engine
speed, values of maximum obtainable temperature rise for both slow-
and rapid-throttle advence at an altltude of 30,000 feet have been plot-
ted in figure 8 as a function of engine speed. Maximim-temperature-
rise values for the slow~throttle advance were taken from the blow-oub
points showvn in figuyre 7; values for the rapld-throttle advance were
obteined from the temperatures attained efter stabilization of com-
buastion. Repld-throttle advance, as previously explained, consisted
of a 3-second advance of the fuel throttle to the maximim opening pos-
sible without resultant blow-ocut. Also shown in figure 8 are the
temperature rise requlired for steady-state operation of the engine at
this altitude and flight speed (as calculated from the curves in
fig. 5(b)) and the maximum allowable temperature rise based on a limit-
ing turbine-inlet temperature of 1700° F.

v
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With the rapid-throttle advance, the maximmm obtalnable tempers-
ture rise increased from 880° F at sbout 32.5 percent of rated speed
to 1500° F at 75 percent of rated speed. Further temperature increases
at engine speeds above 75 percent of rated speed were prohiblted by
excessive combustor-outlet temperatures. With slow-throttle advance,
at condltions simlating steady-state engine operabtion at a flight
speed of 354 miles per hour, the maximum obtainable temperature rise
increased from 1040° F at about 31.5 percent of rated speed to 1550° F
at about 66.5 percent of rated speed and again was limited by the ex-
ceaslve combustor-ontlet temperatures encountered at the hilgher engine
speeds. At windmllling conditions (26.6 percent of rated engine speed
and below), the maximum temperature rise that could be obtained with
slow-throttle advance decreased from 1590° F at 15.2 percent of rated
speed to 720° F at 26.6 percent of rated aspeed.

The excess temperature rise avallable for acceleration, +thet
is, the difference between the maximm temperature rise obtalnable
and the temperature rise required for steady-state engine operation,
is shown in figure 9 for both slow- and rapid-throttle advance. The
solid curve with negative slope represents the dlfference between al-
lowable temperature rise (based ou a limiting turbine-inlet temperature
of 1700° F) and the temperature rise required to maintain steady-state
engine operation. Thus, 1t 1s evident that in the low-speed range,
the excess temperasture rise avallable for combustion is limited by the
abllity of the combustor to provide temperature risey; whereas at the
higher engine speeds,the temperature rise available for acceleration
is 1limited by the maximum allowable combustor-oubtlet. temperature be-
cause the combustor is capable of producing ocutlet temperatures ex-
ceeding 1700° F, The dashed ocurve in figure 9 shows calculated values
of excess temperature rise avallable for acceleratlion at slmlated
gsea-level flight conditlons, again based on & limiting oombustor-outlet
temperature of 1700° F. Low-altitude conditions are Pavorable for com-
bustion, and experilence has shown that combustor-outlet temperatures in
excess of 1700° F can be attained at these conditions. Thus, at sea-
level conditions,the temperatbure rise available for sacceleration is
limited throughont the entire range of engine speeds by the maximnm
alliowable turbine-inlet temperature of 17000 F.

A comparison of the sea-level and the experimentel 30,000-~foot
tempersture-rise curves of figure 9 shows that,in the low-speed range,
the excess temperature rise avellable for acceleration is much greater
at gea level then at altitude, a factor that conbtributea toward the
lower rate of acceleration encountered at altitude. Another important
factor, of ocourse, ls the decrease in air mass flow rate at high alti-
tudes whille the inertla of the rotating parte remains constant as was
previously mentioned.

2017
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Altitudé Operational Limits

The altitude operational limits of the J47 combustor operating -
with weathered aviation gasoline at.a flight Mach number of 0.52 are
pregented in flgure 10. The altitude-limit curve was established by
interpolation between data points obtained at two similated slititudes
5000 feet apart: ome at which the regulred temperature rise was cob-
talned and one &t whlch 1t was nobt obtainable. The manner of inter-
polation was based upon observation of the combustor during the test.
The determination of the altitude limits was restrlicted to engine ro~
tatlonal speeds bebween 55 and 85 percent of rated speed because at
the low end of the speed range the required low combustor inlet-air
temperatures were limited by the laboratory facllities; whereass at the
high end of the speed range the abllity of the thexrmocouples to with-
stand the hilgh combustor-outlet temperatures requlired wes the restrich-
ing factor. Plgure 10 shows that the altitude operatlional limits in-
creased from 51,500 feet at 55 percent of rated engine speed to
64,550 feet at 85 percent of rated speed. With the slow-throttle ad-
vance used in this phase of the investlgation, no flame blow-out was
encountered..

Combustlon Efficlency

Combustion efficiencies cbtained with the J47 combustor operated
at various simlated altibtudes and engline speeds with room-temperature
weathered sviation gascline are shown in figure 10. The combustlion
efficlencies varied from 38.0 to 92.6 percent at the conditioms In-
vestigated and followed the genersl trends typlecal of gas-turbine
combustors, decreasing wlth a decrease in engine speed and with an in-
crease in altitude. The congtent combustion-efficlency lines shopm in
figure 10 were cbtained by interpolation between the values of effi-
clency obtained at the test points. Operation of the combuastor with
fuel at altitude amblent-alr temperature resnlted in random varietions
in combustion efficiency of 0 to about 2 percent from those shown in
figure 10; thus, for the conditions Investigated, fuel temperabure had
little effect on combustion efficiency.

A comparison of the combustion efflclencies obtained with
MIL-F-5616 fuel, the design fuel for the J47 engine, and with weathered
aviation gasoline at variocus engine speeds and at altitudes of 30,000
and 40,000 feet is shown in figure 11. At both altlbudes and at rated
englne speed, combustlon effloiencies obtained with MIL-F-5616 fuel
were about 8 percent higher than those cobtained with weabthered aviation
gasoline; at 55 percent of rated engine speed, however, operebion with
MIL-F-~5618 fuel resulted In a decrease of about 14 percent in combustion
efficiency. .
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Pressure Loss

The total-pressure loss across the combustor la shown in figure l2.
The ratio of the btotal-pressure loss to a reference dynamic preassure
AP/ay 1 plotted agalnst the ratio of the inlet-air demsity to the
exhaust-gas denslty pl/pz and a atraight-line correlatlon was obtalned.
Figure 12 indicates that the total-pressure loss ratio increased from
12.3 to about 16.1 as the density ratio increased from 1 to 2.6.

LT102

SUMMARY OF RESULLS

From an investigation of the ignition, acceleratlon, and steady-
gtate operational charmcteristics of a single combustor of a J47 engine
using weathered aviation gasoline with opposite-polarity spark plugs
at simlsted f£light conditions, the followlng results were obtalned:

1. With combustor inlet-alr conditions simlating equilibrium
windmilling at a flight speed of 400 miles per hour, satiefactory ig-
nitlon was cbtalned wlth spark plug A up to and including 40,000 feet.
No asignificant effect of fuel temperature on ignition was observed
over the range of fuel temperatures Investigated.

2. At a simlated altitude of 30,000 feet, satisfactory ignition
wag obtained with spark plug A over a speed range from 12.7 to 26.6 per-
cent of rated engine speed, representing windmilling conditions, and
over a range from 31.8 to 88.86 percent of rated speed, representing .
steady-state operation of the combustor.

3. The altitude 1gnition limit of the combustor was significantly - -
increased by & reductlion in the gquentity of cooling air supplied through
the electrodes of the experimental spark plug (plug B) furnished by
the manufacturer.

4. At an altitude of 30,000 feet, the excess temperature rise
avalilable for acceleration at low engine speeds was limited by the
ablility of the combustor to produce temperature rise, whereas at high
englne speeds the maximum alloweble turbine-inlet temperature was the
restricting factor.

5. The altitude operational limits increased from about 51,500 feet
at 55 percent of rated engine speed to about 64,500 feet at 85 percent
of rated speed.

6. The combustlon efficlencies varied from 38.0 to 92.8 percent, *
decreasing with a decrease in engine speed and with an increase in
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altitude. Higher efficiencies would have been cbtained if lower al-
titudes had been investigated. No significant effect of fuel tempera-
ture on combustlion efficlency was observed over the range of fuel.
temperature investigated (80° to -52° F).

7. At altitudes of 30,000 and 40,000 feet the combustion effici-
encles obtained with ML-F-SSJ.G fuel were about 8 percent higher at
rated engine speed and 14 percent lower at 55 percent of rated speed.
than those obbained with weathered aviation gasoline.

8. The preasure-loss ratio Increased from 12.3 to 16.1 when the
density ratlio was raised from'l to Z2.6.

Lewis Flight Propulsion Laboratory,
Nationel Advisory Committee for Aeronautics,
Cleveland, Ohlo.

m)b
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APPENDIX - CALCULATION OF COMBUSTCR OFPERATING CONDITIONS
Symbols

The following symbols are used in the calculations:

M Mach number

N engine rotational speed

P abgolute total pressure

P absolute gtatic preasure

T absolute total temperature

t ebaclute static temperature

v true flight speed

Wy, ~mese air flow per unit time through oompressor

V4 specific~-heat ratio for air

ol total pressure dlvided by standard sea-level pressure

e total temperature dlvided by standard sea-level temperature

Subscripts:

0 engine inlet (ambient conditions)

1 compressor inlet

2 combustor inlet (compressor outlet)

3 combustor outlet

J

2

)

two different engine operating conditioms

S.1L. sea level .

L10Z
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Combustor-Inlet Conditions with Engine Windmilling
In order to obtaln combustor operating data at transitory engine
rotational speeds that would be encounbered during the opening of the
intaeke gates (closed during nonoperation) of an auxilisry flight turbo-

Jet installation, corrections were applied to engine eguilibrlum wind-
milling date as shown in the followling discussian.

Alr flow. - In general, the mass flow of air through 8 compressor
is given by

t
tepz Tz Bz ALy | )
Va,y Ny P,y M1,z

where the subscripte y anmd z represent two different engine oper-
ating conditions. It can also be shown thet

-1 .. 2
Ty =y (1 G m?) (2)

If no exbernal heat is added to the air during its passage through the
engline inlet diffuser,

T, = Tg (3)

Also, as in equation (2)

To=to(1+2’z;lnoz) (2)

" If the velocity of the alr leaving the diffuser and entering the com-

pressor is assumed to be zero (approximate only),

From the preceding equations,

6y = % <l+l'§'-l-'-M02) (5)
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Thus,

7~ 2
tlLy ) 0,y (l + ———-Mo,y >
-+

t 7-1 2
1 7-1
1B %y, (l z Mo,z )

I7 both operating conditions are assumed to be for englne operation at
the same altitude, '

(7)

to,y = %o,z

anﬂ_ . . F F— B S —_—

7-1 2
1,y (1T Mo,y
%y, 71 P (8)
1,z 1+ TMO,Z

For an assumed diffuser efficiency of 100 percent,
Py =8B . (s)

Substituting from eguation (2) and assuming the diffusion process is
isentropic gives

7
-1
B_to, @9)7 (10)
o Po )
Substituting equation (4) into equation (10) yields
A
-1 .
a . 2\|?
B [to (1+ ZEwg)
Pg To
or
-
7 =1 _
_ Y-l 2
P, = P, (i + 5 My ) (11)
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Thus

7-1 2

P,z - pO,z (l + e MO,z )
1% 7
Fl,y . y-T

g oo _ 2

PO:Y (l * 2 MO:Y )

applying the seme assumptions as applied to equation (8)

(12)

= po,y

and

(13)

(l T2 MO,yz)y-l

Substitubting equations (8) and (13) into equation (1) ylelds

7-1
- 2
Wo,z Ny 1+ 721 32
a,y J\1 + = MO,;Y‘

Available operating date included the equillbrium wirdmilling speeds

of the J47 turbojet engine at variocus flight speeds and the mass air-
flow rate through the engine at egnilibrium windmilling speeds from
1000 to 2100 rpm. Application of these data to equation (14) enabled
the calculation of mass air flows at a flight speed of 400 miles per
hour at engine rotational speeds other than the equilibrium windmilling
speed. ' _ - '

Inlet pressure., - In addltion to equilibrium windmilling speeds at
various flight speeds, the operating data of the J47 turbojet englne
also included the combustor-inlet total pressures at various equilibrium
windmilling speeds. In order to determine combustor-inlet total
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pressures at rotational speeds encountered during the opening of the
intake gates (that ls, trensitory windmilling spéede less than the
equilibrium windmilling speed corresponding to the particular flight
speed), the data were corrected as subsequently shown., Assumed per- -
formance data are: : 8
~J

True Equilibrium
flight | windmilling
speed .| speed

v N,

Z

At the pame rotationsl speed at different flight speeds,

(Pz)vz,uz' = <P1)vz - (lAPZ)NZ (25)

(Pz-)vy,mz = (Pl)_vy - (lAPE)NZ (16)

Subtracting equation (15) from eguation (16) yields

Folvg,m, = Foly,,m, + Buly, - (Bady, (17)

Assuming that the diffuser efficlency 1s 100 percent and the veloclty
of the air leaving the diffuser is approximately zero yields

'
P1=PO=PO(1+2'2——1MOZ)7—1 ' S
By substitution in equation (17),
7 7T | (18)
o)y, m, = F2lv_,m, * %o (l + Z‘z_'l‘Mo,yz) - (1 + %J;MO,Z )
or
(1’2)%”1\IZ (Pz)vz:Nz + g (ram rat;ov_y -~ Yem ra‘biovz) (19)



3 NACA RM E51A25 : Tl 17

Ths, if the combustor-inlet total pressure is known for an equilibrium
windmilling epeed at one £light speed, the inlet btotal pressure can be
calculated for the same windmilling speed at anobther flight speed.

Inlet temperature. - The total temperatures of the air at the
combustor inlet for various engine windmilling speeds at altitude con-
ditions were determined by addition of a small temperature rise (32 to
20° F) caused by windmilling of the engine (altitude-wind-tunnel re-
search) to the total temperatures of the alr at the compressor inlet
(eguations (3) and (4)).

2017

Cambustor-Inlet Conditions for Normal Operabtion

Combustor operating conditlons during normsl engine operation at
eltitude were obtalned by adjusting the data from an investigatlion of
a camplete engine operated at a simulabed Mach number of 0.52. The -
following velues were plotted (fig. 5(b)) against percentage corrected
rated engine speed: Tp/Tq, Tz/Tq,  Wy/6/5, and Pp/6. These values
were then reduced to the uncorrected values at the various altitudes
by appropriste treatment with 5, €, or Ty, and replotted. A
working plot of the uncorrected values is not included In this report.
Engine-inlet temperature Tg is given by equation (4), and & and
8 were determined as

P l.2 p )
. 5 = o _ _ 0 (20)
Psn. PFs.ar.
- 7-1
Ty tg(1.2) 7
0=z = = (21)
S‘L. S.L.
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TABLE I - ANALYSIS OF FUELS USED

A.5.T.M. distiliation | MIL-F-5616 | MIL-F-5572
D 86-46, OF grade 115/145
. (weathered)
Initial bolling point 312 120
Percentage evaporated
10 329
20 333
30 338
40 342
50 347 210
60 - 353
70 361
80 373
20 393
Final bolling point,
op . 446 333
Reid vapor pressure,
1b/sq in. 0 4.2
Specific gravity at
60° ¥/60° ¥ 0.791 0.718
TEL, ml/gal 0 5.32
E/C 0.164 0.182
Net heating value,
Btu/1b 18,670 18,950

19
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Figure 1. - Single J47 combustor in test setup.
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Figure 2. - Diagreammatic sketch of J47 combustor test sstup.

GZVISH WY VIVN




Alr

1I'l
6 I. D.

T Gap

—)— \T\-—\-—\— —

- 8park plug

Puel-gpray nogzle
Combustor housing
Cambustor liner

Inlet diffuser

Exhaust
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Figure 6. - Altitude-ignition trials with fuel MIL-F-5572, grade 115/145
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at speeds up to 26.6 percent of rated speed (equilibrium
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Figure 7. - Temperature rise obtalnsble with various fuel-air

ratios in J47 single combustor at conditions similating
altitude of 30,000 feet. Fuel, MIL-F-5572, grade 115/1’-1-5
(weathered).
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Combustor temperature rise, °F
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Figure 7. - Concluded.

Fuel-alr ratio

Engine speeds of 25.3 percent rated and higher; f£light speed, 354 miles per hour.

JUT single combustor at conditions simulating altitude of 30,000 feet. Fuel,
MIL-F-5572, grade 115/145 (weethered). ’

Temperature rise obtainable with various fuel-air ratios in
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Figure 8. - Valuss of temperature rise required and obtainsble in J47 single combugtor over range
of engine gpeeds at conditions simnlating altitude at 30,000 feet, Fuel, MIL-F-5572, grade
115/1k5 (weathered).
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Excess temperature rise available for acceleration, OF
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Figure 9. - Excess temperature rise avallable for engine acceleration:
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meximum obtainable temperature rise (ATmax)' minus temperature rise

required for operation (ATreq)' J4T single combustor; fuel,

MIL-F-55T2, grade 115/145 (weathered); flight Mach number, 0.52.
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